Mycobacterium tuberculosis is the oldest known infectious agent and remains a major public health problem ([@B17]). An early detection of multidrug-resistant tuberculosis (MDR-TB) isolates allows for an appropriate and timely treatment ([@B12]). The proportion method, which is performed on Löwenstein-Jensen (LJ) and Middlebrook 7H10 or 7H11 agar media, is recommended as a reference method. However, this method requires at least three-six weeks to obtain results ([@B10]). There are also rapid automated systems for drug susceptibility testing, but these systems are expensive and require equipment ([@B2], [@B9], [@B3]. Recently, many colourimetric methods, including the resazurin microtitre assay (REMA), or resazurin tube assay, malachite green decolourisation assay (MGDA), nitrate reductase assay (NRA) and crystal violet decolourisation assay (CVDA), have been developed. These methods are rapid, inexpensive, reliable and reproducible ([@B1], [@B5], [@B13], [@B11], [@B16].

This paper aims to evaluate four rapid colourimetric methods, including the REMA, microplate NRA (MNRA), CVDA and MGDA methods, for the rapid detection of MDR-TB. In this study, these methods were compared with each other for the first time in terms of their sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) for isoniazid (INH) and rifampicin (RIF).

MATERIALS AND METHODS
=====================

*Bacterial isolates* - Fifty *M. tuberculosis*isolates were used in this study. Isolates were obtained from the Istanbul Faculty of Medicine and Samsun Chest Diseases and Thoracic Surgery Hospital. Eighteen isolates were MDR, two isolates were only resistant to INH and the remaining isolates were susceptible to both INH and RIF. All isolates from stocks were subcultured on LJ medium and freshly subcultured isolates were used in the study.

*Chemical substances* - Resazurin salt powder, sulfanilamide, n-1-naphthylethylenediamine dihydrochloride, crystal violet (CV) dye, INH and RIF were purchased from Sigma-Aldrich (Germany). Malachite green (MG) dye was purchased from Merck (Germany).

*Preparation of chemical substances and reagents* - Resazurin powder was dissolved in sterile distilled water to a final concentration of 0.02%, sterilised by filtration and stored at 4ºC until use. Griess reagent consisted of one part 50% (vol/vol) concentrated hydrochloric acid, two parts 0.2% (wt/vol) sulfanilamide and two parts 0.1% (wt/vol) n-1-naphthylethylenediamine dihydrochloride. MG dye was dissolved in distilled water to a final concentration of 50 µg/mL. CV dye was prepared in distilled water to a final concentration of 25 µg/mL. All of the chemical substances and reagents were stored at 4ºC until use.

*Preparation of media* - The REMA, MNRA, CVDA and MGDA susceptibility tests were performed in Middlebrook 7H9S broth containing 0.1% casitone, 0.5% glycerol and 10% OADC. Middlebrook 7H9S broth with 1,000 µg/mL potassium nitrate (KNO~3~) was used for the MNRA.

*Preparation of bacterial inoculum* - Bacterial colonies that had been freshly grown on LJ media were transferred into tubes containing 5 mL saline solution and 15-20 glass beads and were vortexed for 1-2 min. The tube was kept in a vertical position for 30 min at room temperature to allow aerosols and large particles to precipitate. The turbidity of the supernatant was adjusted to that of the McFarland 1 standard. The prepared bacterial suspension was then diluted at an 1:10 ratio in Middlebrook 7H9S broth.

*Preparation of antibiotics* - All tests were performed in 96-well microtitre plates. One hundred microlitres of Middlebrook 7H9S broth (containing 0.1% casitone, 0.5% glycerol and 10% OADC) were added into each well of the plates for the CVDA, MGDA and REMA methods. One hundred microlitres of Middlebrook 7H9S broth with 1,000 µg/mL KNO~3~ were added into each well of the plate for the MNRA method. For each isolate, three wells containing INH, RIF and media without antibiotics were prepared. All plates were kept at -20ºC for two weeks.

*Performing susceptibility tests* - The MNRA and REMA were performed with some modifications. Briefly, the MNRA and REMA were performed using a critical concentration of drugs and in liquid media. The MGDA and CVDA were performed as defined in the literature. Each bacterial isolate was tested in each of the three wells containing INH (0.25 µg/mL), RIF (0.5 µg/mL) and an antibiotic-free growth control for each of the susceptibility test methods. One hundred microlitres of bacterial suspension was inoculated into each well of the plates. After bacterial inoculation, all plates were incubated at 37ºC under normal atmospheric conditions.

*Evaluation of the MNRA method* - After seven days of incubation, 50 µL of Griess reagent was added into each of the growth control wells for the MNRA. If a purple colour was observed, Griess reagent was also added into the test wells. If a purple colour was observed in the test wells containing antibiotics, the bacterial isolate was considered to be resistant to the antibiotic that was being tested. The MNRA wells were evaluated for colour change within 3-5 s after the addition of the Griess reagent ([Fig. 1A](#f01){ref-type="fig"}, [B](#f01){ref-type="fig"}).

Fig. 1:microtitre nitrate reductase assay.

*Evaluation of the REMA method* - After seven days of incubation, 30 µL of resazurin solution was added into each well with and without antibiotics. After the reagents were added into the wells, the plates were re-incubated for one-three days under the same conditions. If the blue colour of resazurin changed to pink in the growth control well as in the wells containing antibiotics, the bacterial isolate was reported to be resistant to the antibiotics that were being tested ([Fig. 2A](#f02){ref-type="fig"}, [B](#f02){ref-type="fig"}).

Fig. 2:resazurin microtitre assay.

*Evaluation of the MGDA method* - After seven days of incubation, 30 μL of MG was added into each of the test wells and the plates were incubated for an additional one-three days. After the MG decolourised in the growth control well, the test wells containing antibiotics were evaluated for a colour change. If the MG decolourised as a result of bacterial growth in the wells containing antibiotics, these bacterial isolates were reported to be resistant to the antibiotics ([Fig. 3A](#f03){ref-type="fig"}, [B](#f03){ref-type="fig"}).

Fig. 3:malachite green decolourisation assay.

*Evaluation of the CVDA method* - On the seventh day of incubation, 25 μL of CV was added into the wells and incubated for an additional one-three days. As the blue/purple colour of CV was decolourised by the growth of bacteria, these bacterial isolates were considered to be resistant to that drug ([Fig. 4A](#f04){ref-type="fig"}, [B](#f04){ref-type="fig"}).

Fig. 4:crystal violet decolourisation assay.

RESULTS
=======

All data are summarised in [Table](#t1){ref-type="table"}. The specificity, sensitivity, PPV, NPV and agreement of the MNRA for INH were 93.3%, 100%, 90.9%, 100% and 96%, respectively. Two isolates were susceptible to INH by the reference method, but resistant by the MNRA. The values for RIF were 90.9%, 100%, 85%, 100% and 94%, respectively. Three isolates were shown to be susceptible to RIF by the reference method, whereas they were resistant according to the MNRA.

TABLEComparing the results of colourimetric methods with those obtained with reference method Reference method^*a*^  Drug (%)MNRARSSpecificity (%)Sensitivity (%)PPV (%)NPV (%)Agreement (%)INHR20293.310090.91009696S028     RIFR17390.9100851009494S030      REMA       INHR1901009510096.79898S130     RIFR16010094.1100979898S133      MGDA       INHR1901009510096.79898S130     RIFR16010094.1100979898S133      CVDA       INHR1901009510096.79898S130     RIFR16010094.1100979898S133     [^1]

The specificity, sensitivity, PPV, NPV and agreement of the REMA for INH were 100%, 95%, 100%, 96.7% and 98%, respectively. One isolate was susceptible to INH by the REMA but resistant by the reference method. These values for RIF were 100%, 94.1%, 100%, 97% and 98%, respectively. One isolate was resistant to RIF by the reference method but susceptible by the REMA.

The specificity, sensitivity, PPV, NPV and agreement of the MGDA for INH were 100%, 95%, 100%, 96.7% and 98%, respectively. One isolate was susceptible to INH by the MGDA, but resistant by the reference method. The values for RIF were 100%, 94.1%, 100%, 97% and 98%, respectively. One isolate was resistant to RIF by the reference method, but susceptible by the MGDA test.

The specificity, sensitivity, PPV, NPV and agreement of the CVDA for INH were 100%, 95%, 100%, 96.7% and 98%, respectively. One isolate was susceptible to INH by the CVDA, but resistant by the reference method. For RIF, these values were 100%, 94.1%, 100%, 97% and 98%, respectively. One isolate was shown to be resistant to RIF by the reference method, whereas it was susceptible according to the CVDA.

The MNRA results were reported immediately after Griess reagent was added on the seventh day of the incubation, while the results of the REMA, MGDA and CVDA methods were reported on the eighth-10th day after inoculation due to the one-three days of incubation that were required.

DISCUSSION
==========

For susceptibility testing of *M. tuberculosis* isolates, the use of colourimetric methods has increased in recent years because these methods are easy to perform, reproducible, reliable, readily available and very low in cost. In this study, colourimetric methods, including the MGDA, MNRA, REMA and CVDA, were compared with each other in terms of sensitivity, specificity, PPV and NPV.

In this study, the agreement of the MNRA was 96% for INH and 94% for RIF. In the study performed by [@B7], the rates for both anti-TB drugs were found to be 100% for the NRA. In another study,[@B14] reported that the sensitivity and specificity of the NRA for INH and RIF were 95.6% and 100%, respectively.

Agreements for the REMA were detected to be 98% for both drugs. One study showed that the sensitivities, specificities, PPVs, NPVs and agreements of INH and RIF for the REMA were 100-91.3%, 90.4-100%, 88.5-100%, 100-96.1% and 94.5-97.2%, respectively ([@B7]). [@B15] also reported that sensitivities, specificities, PPVs, NPVs and agreements of INH and RIF were 100% by this method.

In the current study, the agreements for both drugs were 98%. [@B8] reported that both INH and RIF sensitivities, specificities and agreements were 100%. In another study, [@B6] reported that the sensitivity, specificity, PPV, NPV and agreement of the MGDA for INH and RIF were 100-95.6%, 97.6-100%, 96.8-100%, 100-98% and 98.6-98.6%, respectively.

In this study, agreements were detected as 98% for both drugs by the CVDA. Earlier studies performed by [@B4] found that the rates for INH and RIF were 92.5-88.8%, 96.4-100%, 96.1-100%, 93.1-94.8% and 94.5-96.3%, respectively.

The specificity of the MNRA test was found to be lower than that of the other tests because the reference method yielded sensitive results for antibiotics whereas the MNRA test yielded resistant results (2 isolates for INH and 3 isolates for RIF). NRA is usually performed on LJ medium, but it was performed in liquid medium in this study. A false colour change may occur because following the addition of KNO~3~ and drugs to the liquid medium, viable bacteria reduce KNO~3~ to nitrite until they are killed by the antibiotic. This change may cause a method to define susceptible isolates as resistant.

In the MNRA, the time required for detection is less than for the other colourimetric methods and this test does not require additional incubation time, but the Griess reagent, which consists of three chemical substances, should be freshly prepared. The REMA requires resazurin powder that should be freshly prepared and this method requires additional incubation time. The MGDA and CVDA have similar characteristics to the REMA, but MG and CV dyes are obtained easily. Moreover, CV (used for Gram staining) is available in clinical microbiology laboratories. Evaluating all of the colourimetric methods, each has some advantages and disadvantages. Nonetheless, all of the above methods are reliable, easy to perform, cheap and easy to evaluate and do not require special equipment. In conclusion, these methods may be used in mycobacteriology laboratories in both developed and developing countries.

[^1]: *a*: agar proportion method on 7H11 agar; CVDA: crystal violet decolourisation assay; INH: isoniazid; MGDA: malachite green decolourisation assay; MNRA: microtitre nitrate reductase assay; NPV: negative predictive value; PPV: positive predictive value; R: resistant; REMA: resazurin microtitre assay; RIF: rifampicin; S: susceptible.
